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ABSTRACT 
A new connection detail utilizing a system of threaded “inclined bars” and receivers to 
connect a precast concrete barrier to the deck was previously experimentally researched for 
accelerated bridge construction.  Utilizing LS-DYNA, a FEM model is now constructed to allow 
for further research, including variations and dynamic loading.    
The modeling process is explained.  The model is validated using previous 
experimentally derived results.  Barrier deflection, reinforcement strains, and failure behavior is 
compared to validate the analytical model.  The barrier deflection of the analytical model is quite 
similar to the experimental results.  The reinforcement strain and failure behavior results are 
comparable, and any difference is justified. 
The model is modified to allow a longer section of the barrier system to be examined.  
First, two connected barriers are analyzed.  The barriers are loaded at several locations for 
comparison.  Then, a system incorporating the equivalent of three barriers is modeled.    Deck 
concrete strengths, reinforcement spacings, and thicknesses are researched with this system.   
Dynamic (impact) loads are also compared to a static load.  Results show that the strain 
values in the connection detail are vastly different.  The study also shows that a longer section of 
a barrier system engages to counteract a static loading verses an impact loading.   
1 
 
 INTRODUCTION 
This report is a result of research into utilizing a connection detail to connect a precast 
concrete bridge barrier to a concrete bridge deck.  A precast concrete bridge barrier could be 
extremely beneficial for accelerated bridge construction (ABC).  Previous research has been 
conducted at the Bridge Engineering Center at Institute for Transportation at Iowa State 
University.  This research is meant to build and expand on information and data collected 
previously.   
1.1 Report Overview 
This research had multiple phases, and each phase is covered in a different chapter of this 
report.   
In Chapter 2, a literature review was conducted.  Information concerning accelerated 
bridge construction, current barrier systems used in ABC, FEM modeling, and previously 
conducted research on similar projects was examined.  Pertinent information about the 
experimental model for this research is also given. 
Chapter 3 explains finite element modeling (FEM).  FEM is defined, and a brief historical 
background is given.  Multitudes of FEM software programs are now commercially available, 
and several are compared.  A FEM software program is chosen, and justification is given.  
Chapter 4 gives an overview of the modeling process.  This chapter not only explains 
what was done but explains why it was done.  It is meant to assist researchers with little or no 
modeling background.   
Chapter 5 compares the completed analytical model results with the experimental model 
results.  Displacement trends, displacement values, strain in the inclined bars, and behavior are 
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all compared.  By comparing the experimental and analytical results, the analytical model was 
validated.   
Chapter 6 predicts expected performance.  Once the model was validated, it was modified 
to show expected behavior under different circumstances.  A double barrier system as well as a 
continuous barrier system was investigated.  Then, expected deck performance is given when 
several design parameters are varied.  The displacement of a comparative (based on 
displacement) dynamic load is compared with results from the static load case. 
Chapter 7 summarizes the report and gives recommendations.  Future research 
suggestions are given as well.  
1.2 Research Scope 
Since this research is meant to build and expand on previously conducted experimental 
research, it will use the previous research as a basis.  Only concrete barriers will be considered, 
as well as only the connection details previously used in the research.  The connection details 
consist of inclined bars for the barrier to deck connection, and double headed ties for the barrier 
to barrier connection.  The research will focus on quasi-static loading and will expand to a 
dynamic load for comparative purposes. 
1.3 Research Objectives 
• Construct a suitable FEM model simulating the previously researched experimental 
model of a precast bridge barrier system. 
• Describe and explain the modeling process in order to assist beginner FEM modelers 
construct FEM models. 
• Validate the analytical model by comparing the results with the previously gathered 
experimental data. 
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•  Decide on several parameters to vary for further research of expected performance using 
the validated model. 
• Conduct an analysis using a dynamic load to compare with the static load results. 
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 LITERATURE REVIEW 
2.1 Accelerated Bridge Construction 
Accelerated Bridge Construction (ABC) is a bridge construction technique in which the 
bridge, or parts thereof, are built offsite and transported to the bridge site (Cochrane, 2018).  
FHWA defines ABC as “bridge construction that uses innovative planning, design, materials, 
and construction methods in a safe and cost-effective manner to reduce the onsite construction 
time that occurs when building new bridges or replacing or rehabilitating existing bridges” 
(Culmo, 2011).   
While the idea of ABC is not new, the usage, utilization, and interest of it has recently 
grown dramatically.   The FHWA, ASHTO, TRB, State DOTs, and academic and industry 
partners all have contributed to the advancement of ABC.  In 1985, TRB released a report on 
Prefabricated Bridge Elements and Systems (PBES).  At that time, approximately 15% of the 
bridges in the United States contained PBES (Ralls, 2014).  Presently, ABC is a common 
practice.  The use of ABC or PBES is even standard practice in some states, while others are 
moving in that direction (Culmo, 2011).  For example, Utah made ABC standard practice in 
2010, and it is now considered for all bridge projects (Culmo, 2011). 
The main way ABC reduces onsite construction time is using Prefabricated Bridge 
Elements and Systems (Ralls, 2014).  An element is a single component, while a system consists 
of the entire superstructure, superstructure and substructure, or even a total bridge.    The 
elements can be a part of the deck, beam, pier, abutment, or wall (Culmo, 2011).  The elements 
or systems can be built completely offsite, or near-site and then transported to the site (Ralls, 
2014). 
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An alternative to PBES is Slide-in Bridge Construction (SIBC).  An SIBC can 
incorporate PBES but consists of building a bridge on temporary supports right beside the 
existing bridge.  When ready, the existing bridge is removed, and the new bridge is slid into the 
desired spot.  This process can reduce the road closure to as little as 48 hours (Center for 
Accelerating Innovation, 2018). 
The benefits of ABC over conventional bridge construction are numerous.  ABC can 
improve site constructability, total project delivery time, material quality, product durability, and 
work-zone safety for the traveling public and contractor personnel.  ABC can reduce the traffic 
impacts, onsite construction time, and weather-related time delays.  ABC can also minimize 
environmental impacts, impacts to existing roadway alignment, and utility relocations and right-
of-way take (Culmo, 2011). 
FHWA uses two main time metrics to gauge an ABC project- onsite construction time 
and mobility impact time.  The onsite construction time refers to the amount of time elapsed 
from when the site is originally altered for the project till all construction-related activity is 
removed.  The mobility impact time considers the amount of time the traffic is slowed down due 
to construction activities. When compared to conventional bridge construction, ABC should 
reduce both times considerably. 
Therefore, it is easily seen that ABC is beneficial.  Unfortunately, concrete barrier 
options for ABC are either somewhat limited, or can significantly increase construction time.  
Hence, a connection detail was previously modeled and tested.  This report is to build on the 
experimental data by use of finite element analysis.  This creates a greater understanding of the 
connections and system, while not requiring the resources to obtain the data experimentally. 
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2.2 Barriers for ABC 
Choosing and designing a barrier can be difficult for designers in ABC (Culmo, 2011).  A 
concrete barrier or a metal railing can be used.  Most typically, a concrete barrier is used.  For 
this study, the focus will be on the concrete barrier.   
The concrete barrier can be utilized in several different manners.  It can be fabricated as 
part of the deck itself as an integral barrier.  An example of this is shown in Figure 1. 
 
Figure 1: Integral Bridge Barrier (Utah DOT) 
Typically, the bridge barrier is not an integral part of the deck, but a separate element.  
The barrier can be either cast-in-place using the slip formed method or precast at a plant and 
fastened into place. For slip formed method, the concrete reinforcement is embedded into the 
deck (Figure 2).  A specialized piece of equipment is necessary to form the barrier around the 
reinforcement.  There are three major downsides of this method.  First, the amount of time it 
takes.  Since the purpose of ABC is to decrease onsite construction time, cast-in-place is 
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detrimental to this purpose.  After the concrete is placed, proper cure time is required before the 
bridge can be opened to traffic.  Second, repair or maintenance.  When the barrier is reinforced to 
the deck itself, the barrier can transfer damage to the deck.  This could require deck repair or 
replacement when the barrier is involved in a crash. Third, cost and mobilization.  For a small 
bridge, the cost of mobilization compared to the cost of the barrier is extremely high.  Thus, for 
smaller bridges, even if using conventional bridge construction, it may be beneficial to have a 
precast option.  
 
Figure 2: Slip Form Concrete Barrier (Gomaco, n.d.) 
Precast barriers are very common.  However, the difficulty comes when designing the 
fastening details.  Several options for fastening can currently be found. 
The Florida DOT has a detail for temporary type K barriers in which the precast deck is 
anchored through the deck by means of a bolt, plate/washer, and nut system (DOT, 2017).  
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However, this type of connection has been problematic.  Water can migrate through the holes 
and corrode the anchor plate and underlying framing (Culmo, 2011).  Access to the underside of 
the deck may also be problematic (Ecklund & Sritharan, 2018).   
 
2.3 Crash Tests 
In 2001, Oregon DOT crash tested two designs of precast concrete barrier.  These 
consisted of the standard F-shape barrier, as well as a tall F-shape barrier.  The barriers were not 
connected to the roadway pavement (operating as a “temporary” barrier), but they were 
connected to each other.  Three different tests were conducted on the two different designs.  
From the crash test results, both designs were acknowledged by the FHWA to meet the NCHRP 
Report 350 requirements for Test Level 3 requirements (MacDonald, 2001). 
2.4 FEM Modeling 
2.4.1 FHWA 
The Federal Highway Administration (FHWA) released two reports on using a specific 
material in LS-DYNA.  The reports are an evaluation and user’s manual for Material Model 159, 
with particular interest in how it can be used to simulate crash tests on roadside safety 
applications that use concrete as a structural component.   
In Evaluation of LS-DYNA Concrete Material Model 159, various simulations are run 
using Mat_159 in LS-DYNA and compared with experimentally derived results.  This process 
was done in two separate phases.  First, the material model was first used as a user-defined 
material.  The input parameters were modified to yield more accurate results.  These parameters 
were then used to construct what is now known as Mat_159_CSCM and sent to the software 
company who owned LS-DYNA, Livermore Software Technology Corporation.  LSTC now 
includes this as an available pre-defined material in LS-DYNA.  The MAT_159 was then 
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rechecked to make sure that it was an accurate representation across various platforms (Murray, 
Abu-Odeh, & Bligh, 2007). 
Analytical and experimental results were compared for concrete test cylinders for 
compression and tension responses.  It is shown that the contact surface type and boundary 
conditions play a large part in being able to replicate experimental results. However, the model 
did simulate the splitting of the cylinder in tension and the diagonal failure in compression, 
simulating the basic damage modes (Murray, Abu-Odeh, & Bligh, 2007). 
A study was also completed on regulating the material softness with interest in mesh size.  
It was concluded that if the mesh is too crude, the tensile damage will be under-predicted, and 
the compressive damage will be over-predicted (Murray, Abu-Odeh, & Bligh, 2007). 
Comparisons were done with a drop tower simulation to experimental tests with a drop 
tower on concrete beams.  The concrete beams were designed to be plain concrete, over-
reinforced, or under-reinforced concrete beams.  The velocity (height) and mass of the drop 
Figure 3: Beam Displacement vs Time (Murray, Abu-Odeh, & Bligh, 
2007) 
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hammer varied as well.  The tests concluded that LS-DYNA using Mat_159 was able to 
reasonably estimate the displacement history and damage modes for all the variables (Murray, 
Abu-Odeh, & Bligh, 2007). 
 
Figure 4: Bogie Vehicle Setup (Murray, Abu-Odeh, & Bligh, 2007) 
Next, three beams were impact tested using a bogie test vehicle as shown in Fig. 4.  For 
each test, the bogie vehicle’s velocity was 5.3 mi/h, 9.3 mi/h, and 20.6 mi/h.  Even though the 
displacement history and damage modes were quite different between the 5.3 mi/h and the 20.6 
mi/h test, the analytical results agreed with the experimental results as shown in Fig. 5.   
11 
 
 
Figure 5: Test Comparison (Murray, Abu-Odeh, & Bligh, 2007) 
However, for the 9.3 mi/h, the analytical results were different than the experimental.  
Murray suggests that this may have been due to the beam being in transition between two 
damage modes (Murray, Abu-Odeh, & Bligh, 2007). 
A Texas T4 Bridge Rail was to be tested next.  This test consisted of a pendulum test on 
the bridge rail and comparing experimental results with analytical results.  The pendulum bogie 
utilized a crushable nose assembly.  This helps the experimental pendulum bogie to better 
simulate the response of a car in a crash.  Several rail specimens were tested and analyzed.  In 
order to replicate the crushable pendulum nose in LS-DYNA, a spring was built into the 
pendulum model.  
  
12 
 
 
 
Figure 6: Actual Pendulum Damage (Murray, Abu-Odeh, & 
Bligh, 2007) 
Figure 7: FEM Pendulum Damage (Murray, Abu-Odeh, & 
Bligh, 2007) 
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Once the spring in the model was calibrated, as well as the material model parameters 
and base plate connection, the analytical simulation was able to capture the pattern and severity 
of the damage to the concrete bridge rail (Murray, Abu-Odeh, & Bligh, 2007). 
Analysis was also done on a New Jersey profile safety barrier used by Florida.  
Previously, experimental results were completed utilizing a quasi-static loading.   
 
Figure 8: Quasi-Static Barrier Test (Murray, Abu-Odeh, & Bligh, 2007) 
An analytical model was used to compare the results with the experimental results.  The 
steel reinforcement was coupled to the concrete by using 
CONSTRAINED_LAGRANGE_IN_SOLID.  After further refinement, the barrier and deck 
interface were changed to CONTACT_TIED_NODES_TO_SURFACE, which helped the 
results.  Shear modulus for concrete (Gfs) was also set to ½ Gfs.  The loading conditions and 
boundary conditions also had to be adjusted.  Originally, a displacement was applied, and the 
model was solved for the forces.  However, an applied load was also used, and displacement was 
solved.   
14 
 
 
Figure 9: Barrier Force vs. Displacement (Murray, Abu-Odeh, & Bligh, 2007) 
It was also revealed that modeling the loading could be a problematic issue.  In the 
analysis, a simplified loading condition worked better than trying to exactly replicate the 
experimental procedure.  (In the experimental, a wood block was used between the ram and the 
metal spreader bar (Murray, Abu-Odeh, & Bligh, 2007).) 
2.4.2 Consolazio, Chung, and Gurley 
In the process of designing a low-profile concrete work zone barrier, Consolazio, Chung, 
and Gurley utilized computer simulation to refine a design for a feasible solution.  A major 
concern was for the barrier to have a low profile, yet make sure the barrier could redirect traffic 
into the traffic lane and not allow it to cross in the construction area.  The initial design was 
refined several times through means of LS-DYNA until a feasible solution was reached.  The 
final design was then crash tested using a full-size pickup truck.  The crash test and simulation 
results were in good agreement.  The comparison can be seen in Figure 10. 
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Figure 10: Actual vs. FEM Simulation (Consolazio, Chung, & Gurley, 2003) 
Research conducted by Itoh, Liu, and Kusama looked specifically at dynamic simulations 
of heavy trucks.  For this research, the F shaped barrier profile was chosen.  A reinforced 
concrete barrier system was placed on and embedded in crushed aggregate.  This was modeled 
using LS-DYNA.  The barrier system was modeled to have spring reaction from the subgrade.  
16 
 
In addition, a 20,000 kg truck was also modeled.  The model was given the appropriate material 
properties and impact speed and angle.  The computer analysis was then compared with 
experimental results.  The results showed that the experimental results and numerical results 
were relatively similar.  This research then, showed that simulations between concrete barriers 
and heavy vehicles can be useful in predicting actual results of a crash test (Itoh, Liu, & Kusama, 
2006). 
2.5 Previous Research 
2.5.1 Cast-in-Place vs. Precast 
Research was conducted at Ecole Polytechnique de Montreal to compare precast bridge 
barriers to cast-in-place barriers.  Three different configurations were tested.  All of them were 
6m long and utilized a 1.0m deck overhang.  The 1.0m overhang was chosen because it is typical 
for bridge constructions, and it was the critical length for maximizing negative bending moment 
with minimal slab deflection.   
The first configuration consisted of the cast-in-place barrier.  It was a 6m long continuous 
cast-in-place barrier.  The barrier-to-deck connection was a typical connection where 
reinforcement is embedded in the deck, protruding upward.  The protruding reinforcement is 
then in the barrier once it is cast-in-place.   
The second and third configuration consisted of utilizing precast barriers.  For each 
configuration, three precast barriers were used.  Each precast barrier was 2m in length, for a total 
length of 6m.  The precast barriers were made using High Performance Fiber-Reinforced 
Concrete, allowing for a reduction in the traditional steel reinforcement.  The precast barriers 
also utilized embedded anchor reinforcement to connect the barriers to the bridge deck.  The 
barriers had a recess that the anchor reinforcement protruded into, and then the recess was filled 
with fiber reinforced mortar.  
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The difference between the second and third configuration was the barrier-to-barrier 
connection detail.  The second configuration did not have any shear connection between the 
barriers, while the third connection did.  For the third configuration, a recess on the ends of the 
barrier was made.  This recess was then injected with the same fiber reinforced mortar as was 
utilized in the barrier-to-deck recess.  This allowed the barriers in configuration three to transfer 
shear from the middle barrier, where the load was applied, to the exterior barriers.   
A profile of the three barrier configurations and deck is shown in Figure 11.  The cast-in-
place is labeled “MTQ Type 201” since that was the type of barrier used.   
 
Figure 11: Barrier and Deck Profiles (Namy, Charron, & Massicotte, 2015) 
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A quasi-static load was applied to each configuration in the center of the configuration.  
The typical test setup is shown in Figure 12.   
 
Figure 12: Test Setup (Charron, Massicotte, & Namy, 2015) 
The researchers compared various performance markers of the configurations.  The 
displacements and cracking are shown below.   
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Figure 13: Barrier and Deck Displacements (Charron, Massicotte, & Namy, 2015) 
 
Figure 14: Failure Comparisons (Charron, Massicotte, & Namy, 2015) 
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As can be seen above, configuration one failed in punching shear, configuration two 
failed in flexure, and configuration three failed in shear and failure (Charron, Massicotte, & 
Namy, 2015). 
This research was then paired with non-linear finite element analysis.  ATENA 3D was 
used for the analysis.  The elements were mainly brick finite elements.  However, tetrahedral 
elements were used if the geometry did not allow brick elements.   
The analysis used the experimental data to validate the model.  Analytical results for the 
displacement and cracking behavior were like the experimental results.  Some results can be seen 
in Figure 15. 
 
Figure 15: Experimental and Analytical Comparison (Charron, Massicotte, & Namy, 2015) 
The research revealed that the main area of difference between the experimental and 
analytical results relates to the shear keys.  For the barrier-to-barrier shear key area, the post-
cracking tensile strength of the HPFRC had to be reduced to 15%.  The suggestion was given 
that this may have had to do with the fiber alignment.   
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The analytical also revealed that if the barrier length is increased from 2m to 4m, the 
shear-key plays a less important role.  It was shown that a 4m barrier with or without shear keys 
theoretically surpasses AASHTO TL-4 and CSA PL-4 requirements.   
The analytical model also compared load placement.  It showed that a load placed on the 
barrier edge is more critical than a load applied in the center, as was done in the experimental 
test.  When edge loading the precast barriers, there was a 30% peak strength reduction for 
configuration two, and a 17% reduction for configuration three.  These results are shown in 
Figure 16. 
 
Figure 16: Center vs. Edge Loading (Charron, Massicotte, & Namy, 2015) 
The analytical model in this research was only used for static loading cases.  The 
dynamic behavior of the barriers, especially regarding a crash test, was not evaluated in this 
study (Namy, Charron, & Massicotte, 2015). 
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2.5.2 Precast Barrier Connection 
Previous testing has been done concerning connections of precast barriers.  Research of 
notable significance, based upon relativeness, is research previously conducted at Iowa State 
University.  This research was conducted by Ashley Ecklund, graduate research assistant, under 
the supervision of Dr. Sri Sritharan, principal investigator.  The testing was to test two different 
type of precast barrier connections to a bridge deck.  The connections consisted of an inclined 
sloped bar, and single or double U-shaped rebar.  The precast barrier had previously specified 
placement holes.  The deck also had placement holes for the U-shaped rebar.  In the case of the 
inclined bars, special receiving hardware was specified to be placed in the deck instead of any 
placement holes.  Figure 17 and Figure 18 show the inclined connection and U-bar connection, 
respectively. 
 
 
Figure 17: Inclined Bar Connection (Ecklund & Sritharan, 2018) 
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Figure 18: U-Bar Connection (Ecklund & Sritharan, 2018) 
For the research, a bridge deck was built, with the specified connection requirements 
such as hole spacing, hole sizing, and hardware placement.  The deck was designed with an 
overhang, to simulate an actual bridge deck.  Two precast barriers were placed, the connection 
reinforcement was placed between the barriers and the deck.  Grouting was used to fill in the 
holes around the connections, and to form a bond between the connection reinforcement and the 
precast bridge barrier and deck.  A grout pad was also used between the barriers and the deck.   
Tests were then conducted to check the connections.  A quasi-static load was used to 
place a force at the top of the barrier, with the force perpendicular to the barrier.  The maximum 
force to be applied was 54 kips.  The 54 kip force was recommended by the Manual for 
Assessing Safety Hardware by AASHTO. A total of 6 different tests were conducted.  The 
locations of these tests can be seen in Figure 19. 
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Figure 19: Barrier Test Locations (Ecklund & Sritharan, 2018) 
It is important to note that Test #1 and #2 were conducted, and then the barriers were 
connected.  This was done by means of reinforcement and grout.  One barrier had special 
reinforcement dowels placed when cast.  The other barrier had a special receiving slot for these 
dowels.  When desired, transverse reinforcement was placed, and grout was applied.  This 
connection was then tested in Test #3. 
The test results showed that barrier with the inclined connection performed very well 
(Test #1).  The deck started to form flexural cracks at 18 kips.  With a maximum applied load of 
54 kips, the lateral displacement at the top of the barrier was 0.81”.   
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Figure 20: PBI Barrier Displacement (Ecklund & Sritharan, 2018) 
Much of the barrier deflection was due to the rotation of the bridge deck.  A concentrated 
crack also formed at the deck/barrier/grout interface and contributed to the barrier deflection.  
The deflection components can be seen in Figure 21. It is important to note that when the load on 
the barrier was removed, the barrier had a 0.27” residual displacement. 
 
Figure 21: Deflection Components (Ecklund & Sritharan, 2018)   
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In Test #2, the same exact test was performed on the precast barrier connected by the U-
bars.  However, the results were dramatically different.  The maximum load the barrier could 
withstand was 36 kips.  At this point, the barrier experienced significant deflection as the load 
was increased.  For this reason, the decision to terminate the test was made.  However, up to 18 
kips, the two barrier connections were quite similar.  
 
Figure 22: PBU Barrier Displacement (Ecklund & Sritharan, 2018) 
As Figure 22 shows, after 36 kips, the barrier could no longer sustain the loading.  An 
increase in loading dramatically increased the deflection.  It was observed that the deflection was 
caused by rotation.  This rotation was credited to inadequate anchorage of the U-bars and 
deformation in the bridge deck.   
For Test 3, the connection between the two barriers was set.  The load was then applied at 
the barrier-to-barrier joint.  The load was increased incrementally up to 60 kips.  It was 
discovered that the Inclined Bar Barrier formed the bulk of the resistance when compared to the 
U-Bar Barrier.  This was probably in large part due to the weakened state of the U-Bar Barrier. 
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In Test 4, the U-Bar Barrier was braced to keep it from deflecting.  The load was then 
applied 3 ft from the barrier-to-barrier connection on the Inclined Bar Barrier. This test showed 
that the entire Inclined Bar Barrier participated to resisting the load.  This was significant in the 
fact that the force did not travel at a 45° from the application point down to the deck as is often 
assumed.  
In Tests 5 and 6, the loading was applied to the ends of the Inclined Bar Barrier and the 
U-Bar Barrier at the ends of the barrier and deck.  The tests revealed that the Inclined Bar 
Connection could handle the load.  The deck and barrier itself failed before the Inclined Bar 
Connection.  However, as was also shown in Test 2, the U-Bar Connection failed to meet 
expectations. 
Due to the deck failure, it was suggested to provide local reinforcement such as a vertical 
double-headed bars or hairpin type bars running horizontally.  These would be placed in the deck 
around the connections and help the top and bottom of the deck reinforcement to engage 
simultaneously.   
The research herein builds from what was attained in Test #1.  Hence, additional 
information and data is given for comparative purposes in Chapter 4. 
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 FEM AND FEM SOFTWARE  
3.1 FEM Defined 
Many problems, such as structural displacements, thermal heat transfer, and pressures 
from fluid flow can be solved using differential equations. Solving the governing differential 
equations for these problems by analytical methods works well for simple problems yet can be 
harder for more complex problems.  Increasing the dimensional order, modeling complex 
geometries, utilizing multiple materials, and applying numerous boundary conditions can make 
solving a problem using analytical methods extremely difficult, if not practically impossible. 
Finite Element Method, often just referred to as FEM, is a numerical approach to 
approximate these differential equations (Fish & Belytschko, 2007).  The FEM process takes the 
body, divides it into smaller bodies called elements, formulates equations for each element, and 
combines them to solve for the target variable in the original body (Logan, 2012).  
“Discretization” or “mesh generation” is often used for this process of dividing a body into 
elements thus assigning nodal points that connect two or more elements, and applying boundary 
lines (Logan, 2012).  Thus, by breaking a body that is too complicated to solve (even if the 
governing equation for the variables is known) into elements, and assembling and solving the set 
of equations for the elements, the solution to the original problem can be approximated.   
The accuracy, and thus the error, of the approximated solution depends on several factors.  
Most importantly is the element, or mesh, size.  Generally, the smaller the mesh, the more 
accurate of a solution can be achieved.  However, the smaller the mesh size, the more elements 
there are, and thus the longer it will take to compute the solution.  Thus, the mesh size and 
computational “cost” often have a relationship.  The larger the mesh, the cheaper the cost, and 
vice versa.   
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FEM is used for many different applications, such a fluid flow, heat transfer, and 
electromagnetics.  In this context, a structural application is being used.  In his book, Daryl 
Logan gives steps for using FEM in a structural application.  They are:  
1. Discretize and Select the Element Types 
2. Select a Displacement Function 
3. Define the Strain/Displacement and Stress/Strain Relationship 
4. Derive the Element Stiffness Matrix and Equations 
5. Assemble the Element Equations to Obtain the Global or Total Equations and 
Introduce Boundary Conditions 
6. Solve for the Unknown Degrees of Freedom (or Generalized Displacement) 
7. Solve for the Element Strains and Stresses 
8. Interpret the Results 
3.2 FEM History 
It is important to understand the history behind the Finite Element Method to fully 
comprehend its importance and usefulness.  FEM was originated in the 1940’s.  In 1943, 
Mchenry used 1D elements to solve for stresses in continuous solids (Logan, 2012).  Courant 
published a paper in 1943, in which he used triangular elements to solve vibration problems 
(Fish & Belytschko, 2007).  In 1956, a paper was published explaining the direct stiffness 
method.  The research team, headed by Turner, derived stiffness matrices for truss elements, 
beam elements, and two-dimensional triangular and rectangular elements.  Then in 1960, the 
words “finite element” was coined by Clough.  During the 1960’s, the method was expanded and 
developed for greater deflections and thermal analysis (Turner in 1960), the tetrahedral stiffness 
matrix (Martin in 1961), and dynamic analysis (Archer in 1965).  The method was also used for 
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the torsion of a shaft (Zienkiewicz and Cheung in 1965), fluid flow (Martin in 1968), and heat 
conduction (Wilson and Nickel in 1966) (Logan, 2012). 
It is also interesting that at the beginning of the FEM, the method was viewed very 
skeptically by some.  In fact, some prestigious journals even refused to publish papers on FEM.  
However, some researchers recognized its potential and kept developing and applying the 
method.  In the late 1960’s, mathematicians were able to show that the finite elements solutions 
converged to the correct solution of the partial differential equation for linear problems (Fish & 
Belytschko, 2007). 
A large part of the expansion of the FEM was due to the availability of digital computers 
and computing power during the same time.  This allowed matrices to be solved electronically 
that would have been very tedious beforehand.  One of the earliest finite element programs was 
developed by Wilson in 1961.  As it was freeware, it quickly spread among the community.  It 
was then used, adapted and modified by many interested parties in academia as well as industry 
(Fish & Belytschko, 2007). 
The FEM that is used for present day problems can be described as a “culmination of 
approximate methods”.  What is meant by this is that the modern-day FEM uses, builds on, or 
adapts many different techniques.  This includes trial functions, finite differences, variational 
methods, and structural analog substitution.  In The Finite Element Method: Its Basis & 
Fundamentals, a chart is shown showing the history of the Modern-Day FEM (Nienkiewicz, 
Tayler, & Zhu, 2013).  This chart is replicated below.   
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Figure 23: History of Approximate Methods (Nienkiewicz, Tayler, & Zhu, 2013) 
3.3 FEM Software 
From Wilson’s freeware FEM software release in 1961 to the present, countless different 
FEM Software programs are available to the consumer.  Some are still freeware or open source, 
while others are proprietary to their company.  Examples of open source, or general public 
license, FEM software includes Elmerfem, libMesh, and Range.  Examples of proprietary 
software include COMSOL, SAP2000, ANSYS, and NasTran.   
For this project, it was decided to limit the software selection to what was easily available 
at the researching institution.  After an initial investigation, the primary software programs that 
were available were ABAQUS, ANSYS, LS-DYNA, and SAP2000.   
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3.3.1 ABAQUS 
HKS was a company that was founded in 1978.  They developed ABAQUS, focusing on 
primarily nonlinear applications.  Linear capabilities were then gradually added.  Also, due to the 
program being used by many researchers, it was modified to allow users to add new material 
models and elements.  In 2005, Dassault Systemes bought the company and now owns and 
markets ABAQUS (Fish & Belytschko, 2007). 
3.3.2 ANSYS 
ANSYS was first marketed by John Swanson in 1969.  Previously he worked at 
Westinghouse Electric Corp. on analysis of nuclear reactors.  His program had linear as well as 
nonlinear capabilitie (Fish & Belytschko, 2007). 
3.3.3 LS-Dyna 
In 1989, John Hallquist started Livermore Software and Technology.  While LS-DYNA 
was first developed at Livermore National Laboratory by Hallquist, he now uses his new 
company to market it.  At the beginning, it only had nonlinear dynamic capabilities.  It 
eventually added other capabilities such as static analysis (Fish & Belytschko, 2007). 
3.3.4 FEM Software Selection 
FEAcompare.com has a comparison chart of 78 mechanical FEM programs.  This was 
used to compare these three programs.  The results are shown in Table 1 (FEAcompare, n.d.). 
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Table 1: FEM Software Comparison (FEAcompare, n.d.) 
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ABAQUS X X X  X X X X X X X X X X X X X 
ANSYS X X X X X X X X X X X X X X X X X 
LS-DYNA X X   X X X X X X X X X X X X X 
 
As can be seen in Table 1, the only differences in this chart is the CAD Import feature 
and Units Aware.  LS-DYNA cannot import CAD, while ANSYS and ABAQUS can.  Also, 
ANSYS is Units Aware, while ABAQUS and LS-DYNA are not.  This means that the ANSYS 
user enters units directly into the program, and ANSYS does any conversions, if necessary.  For 
ABAQUS and LS-DYNA, the user must make sure the units are consistent and do any necessary 
conversions if necessary.  Neither of these differences made a large impact on the final decision.   
One of the major decision factors for software selection was the software’s ability to 
simulate a crash test.  The studies end goal would be to predict or simulate a crash test, and thus 
a reliable software program for that purpose was desired.   
All three of the available programs had non-linear capabilities and could solve dynamic 
problems.  However, based upon the received recommendations and literature review, LS-
DYNA was of significant interest.  The literature review revealed that LS-DYNA could be used 
to replicate a static load against a barrier.  This was in addition to being able to replicate a crash 
test of barriers.  Indeed, throughout the literature review, it was revealed that LS-DYNA is very 
often used for crash tests, including reinforced concrete barriers like the focus of this research.   
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LS-DYNA was available through the ANSYS platform.  Thus, originally, ANSYS 
Workbench was used to model and run the initial analyses.  However, it was discovered that the 
default solver engine in ANSYS Workbench for Explicit Dynamics is Autodyn, not LS-DYNA.  
The LS-DYNA add-on had to be loaded, in order to use the LS-DYNA solver within ANSYS 
Workbench.  Originally, SpaceClaim was also for the modeling process.  This was because the 
modeler previously used software similar to SpaceClaim and thus found it very user friendly.   
However, based upon recommendations, LS-PrePost was used to do the modeling instead 
of ANSYS Workbench.  LS-PrePost is a free pre-processing and post-processing program 
released by Livermore Software and Technology, the makers of LS-DYNA.   
LS-PrePost was used to create a “keyword” file.  This keyword file contained all the 
material specifications, geometry, variables, etc.  This keyword was than solved using the 
ANSYS Mechanical APDL Product Launcher.  LS-PrePost was then used for the post processing 
as well.  Thus, LS-PrePost was used for all the pre-processing including the geometrical 
modeling, material specifications and assignments, meshing, contact interactions, etc.  The file 
was solved by the LS-DYNA solver (via the ANSYS license), and LS-PrePost was again used 
for the post-processing to acquire the requested data such as failure behavior, displacements, 
strains, etc. 
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 MODELING PROCESS 
As previously referenced, the modeling was completed in LS-PrePost.  This software is a 
graphical modeling program, produced by the makers of LS-DYNA, to construct a text file for 
the LS-DYNA to solve.  While changes could be theoretically be made directly to the text file, it 
seemed more straight-forward to use LS-PrePost.   
 
4.1 Reinforcement 
Since concrete is weak in tension and strong in compression, it is usually paired with 
steel rebar.  The rebar takes the tension forces, and thus the concrete and rebar work together.  
The placement of the rebar is important, but that is beyond the scope of this report.  It is 
sufficient to understand that the rebar and concrete need to work together for load resistance. 
However, the modeling is complicated by the fact that the concrete and reinforcement 
work together.  The body is no longer a homogenous material – it is made up of steel and 
concrete.  In order to get accurate results, the reinforcement, concrete, and their interaction all 
need to be modeled accurately.   
There are two main methods that are used to model this interaction: smeared 
reinforcement and explicit reinforcement. 
4.1.1 Explicit Reinforcement 
In the explicit reinforcement, the reinforcement (rebar) is modelled.  It is placed at the 
precise location(s) that the actual reinforcement is placed in the concrete.  It is then assigned 
properties, including shape, size, material, etc.   
Once the reinforcement is modeled, the interaction between the reinforcement and 
concrete needs to be specified.  For the explicit reinforcement modeling method, there are two 
main ways of specifying this interaction: shared nodes and constraints. 
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4.1.1.1 Shared Nodes 
If the shared nodes technique is used, the nodes for the reinforcement are the same as 
some of the nodes for the concrete.  This requires careful planning to make sure they align.  With 
shared nodes, trusses and beams can be used. Trusses only take axial forces, while beams take 
shear and bending.  
4.1.1.2 Constraints 
Sometimes, due to complex geometries or other reasons, it is difficult for the modeler to 
align the reinforcement nodes with the concrete nodes.  This is when constrained nodes are very 
beneficial.  Constrained nodes do not have to align, but a special constraint is placed upon them.  
Usually, the node of the reinforcement is constrained to a node close by it.   There are two 
different types of options that can be used as well – Constrained Lagrange in Solid, and Ale 
Coupling Nodal Constraint.  
4.1.2 Smeared 
With smeared reinforcement, the reinforcement is “smeared” across the layer of elements 
where the reinforcement is located.  The modeler calculates the ratio of concrete to 
reinforcement within a particular layer of elements.  The reinforcement is often on a 2D plane, 
and thus reinforcement can run in two different directions.  These directions, the volume ratio, 
and layer location are specified for each layer of reinforcement in this method.  The material 
properties are then assigned. 
4.1.3 Comparison of the Methods 
Figure 24 shows the various methods previously discussed (Schwer, 2014). 
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Figure 24: Reinforcement Modeling Methods (Schwer, 2014) 
The computational costs for each method are also important to understand.  As one 
moves across the chart from left to right, the computational cost increases.  Thus, explicit 
modeling usually takes longer to compute than smeared modeling.  The constrained method in 
explicit modeling usually takes longer to compute than the shared nodes method.   
Smeared modeling also works best for small deformations where the reinforcement 
remains elastic.  Also, from a modeling perspective, it works best for simple geometries.    
Explicit reinforcement modeling works well for complex geometries, but it is also more 
computationally expensive.  Thus, there are ideal applications for each. 
Originally, the Constrained Lagrange in Solid - a constrained, explicit modeling 
technique, was used. All the reinforcement, including the deck top and bottom mats, the barrier 
stirrups and longitudinal bars, and the inclined connection bars is modeled with this technique.  
The modeled reinforcement can be seen in Figure 25, and a close up of the deck reinforcement 
can be seen in Figure 26. 
Smeared Explicit
Trusses Beams Ale 
Coupling 
Nodal 
Reinforcement
Shared Nodes Constrained
Constrained 
Lagrange in 
Solid
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Figure 25: Explicit Reinforcement 
 
Figure 26: Explicit Deck Reinforcement Close-up 
After the reinforcement was modeled explicitly, it was decided to do a quick comparison 
between the explicit and smeared techniques.  The objective was to verify that using the explicit 
technique was a valid option for this scenario.  However, since experimental results showed that 
much of the deflection of the barrier resulted in rotation of the deck itself, it was decided to only 
use the smeared technique in the deck reinforcement.  The barrier reinforcement and inclined bar 
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was still modeled explicitly.  The deck reinforcement was relatively easy to model using the 
smeared reinforcement based upon the geometry.  The smeared reinforcement in the deck is 
shown in Figure 27. 
 
Figure 27: Smeared Reinforcement in Deck 
A quick analysis was completed on both the explicit and smeared models to calculate the 
deck rotation.  After viewing the original results, a finer mesh was used on the deck to see if it 
would yield better results for the smeared technique.  These were then compared with the 
experimental results.  The results are shown in Figure 28. 
 
Figure 28: Deck Rotations of Various Modeling Methods 
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As it can be seen in the above figure, there is a large difference in the rotation of the three 
different models.  The explicit modeling is quite similar to the experimental test data.  However, 
the smeared modeling is different.  Moreover, the finer mesh was even less accurate when 
compared to the experimental data.  More research should be completed to verify this.   
It was expected that the results would be quite similar.  However, after further 
investigation, it seems that these techniques are very sensitive.  As previously mentioned, 
smeared modeling works best if the deformations are very small.  Indeed, based on Figure 28, 
the different methods and even different meshes are very similar up to about 10 kip, and even 20 
kip if the fine mesh is not considered.   
Previous research done by Schwer also compare the results of smeared modeling and 
explicit modeling.  In his research, he discovered that for just a pure gravity load, the explicit and 
smeared modeling yielded comparable results.  However, for a blast loading, the deformation 
using the smeared technique was much greater than the blast loading for the explicit (Schwer, 
2014). 
A concern arose that the future impact loading may be similar to the blast loading 
modeled by Schwer.  Based upon this, and the study results, it was decided to discontinue 
pursuing the smeared modeling technique.  While refinements may be made to achieve better 
results with the smeared modeling, the explicit modeling technique needed no further refinement.  
The main downside of using explicit technique is the computation cost, but the results were more 
accurate when using the explicit modeling.  Thus, for the reinforcement, Constrained Lagrange 
in Solid was used.   
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4.2 Elements and Meshing 
4.2.1 Element Type 
LS-DYNA utilizes three different kinds of elements – beam, shell, and solid elements.  
For this model, the concrete was modeled as solid elements.  The steel reinforcement (rebar) was 
modeled using beam elements.   
The solid elements were the easier of the two to model.  Element generation was used, 
and brick elements were used due to the simplified geometry.   
The beam elements were used for the rebar.  Since it had previously been decided to use 
explicit modeling technique for the rebar, proper placement was essential.  First, line segments 
(“curves”) were created, then element generation was used to create beam elements along the 
curves.  The beams had to be assigned a section, for the program to know their profile, 
dimensions, etc.  A round, solid profile was used, with either 0.625 in, 0.75 in, or 1 in diameters 
assigned corresponding to the respective size of the rebar.   
4.2.2 Mesh Size and Sensitivity 
The mesh size is also important.  In Finite Element Method, the smaller the mesh size, 
the greater the accuracy.  However, the computation cost increases dramatically as the element 
quantity is increased.  Thus, a balance needs to be found.   
A mesh sensitivity study was completed in order to see what difference the mesh size 
made on the model.  A mesh size of 0.5 in, 1 in, and 2 in were compared.  The results can be 
shown in Figure 29 and Figure 30. 
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Figure 29: Effect of Mesh Size on Displacement (at top of barrier) 
 
Figure 30: Effect of Mesh Size on Strain (at deck/barrier interface) 
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As can be seen from the figures, the finer the mesh, the stiffer the response of the system.  
However, the effects of the mesh size on the strain are mixed.  The 0.5 in. mesh and the 1 in. 
mesh were similar, while the 2 in. mesh show a slightly higher strain.  
4.2.3 Model Mesh Selection 
Due to the mesh sensitivity study results, a fine mesh was desired.  However, due to the 
computational time, a hybrid mesh was used.  A fine mesh was used for more critical areas, with 
the mesh increasing farther away from the loading area.  
For this model, 1 in elements were used for the barrier and the deck directly in front of 
the barrier.  The size of the deck elements was increased away from the barrier.  At 36 inches 
from the side of the barrier, the element size was increased to 2 in.   
 
Figure 31: Mesh Variation Across Deck 
4.3 Body/Surface Interactions 
When an analysis includes multiple bodies, the interactions between these bodies need to 
be defined.  This model contains the barrier and the deck, and there is one interaction surface 
between them.  This contact surface area between the barrier and deck thus needs to be defined. 
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It is important to note that when the model was being built, it was decided that a nodal 
force would be applied directly to the barrier itself.  This was based upon previous research, 
where the ram and a wood block were also modeled pushing against the barrier.  It was 
discovered that this created its own set of challenges (Murray, Abu-Odeh, & Bligh, 2007).  By 
using a nodal force in this modeling, it eliminated the need for defining the contact interaction 
between the ram setup and the barrier.   
LS-DYNA has a multitude of options for different contact types.  By mere observation, 
many of them can be eliminated due to irrelevancy.  The three that seem to be most suitable are: 
AUTOMATIC_NODES_TO_SURFACE, NODES_TO_SURFACE, and 
TIED_NODES_TO_SURFACE.   
4.3.1 AUTOMATIC_NODES_TO_SURFACE 
This is an automatic contact type, where the user selects a surface, and the software then 
finds all the interacting surfaces, even self-contact.  It is the most used surface contact in 
crashworthiness simulations (DynaSupport, 2001).   
4.3.2 NODES_TO_SURFACE 
In this contact type, both slave nodes and a master surface are selected.  The slave nodes 
are not allowed to penetrate the master surface.  A benefit of this contact is that it uses the fastest 
algorithm (M.L.J).  This contact type is considered “non-automatic” because the user defines the 
contact surfaces or bodies.  However, since the contact surface between the barrier and deck is 
known, this still works well.   
4.3.3 TIED_NODES_TO_SURFACE 
This contact type is like the NODES_TO_SURFACE.  The main difference is that with 
the TIED_ contact type, the slave nodes are constrained to move with the master surface – i.e. 
there is no separation between the slave and master.  The slave nodes can rotate, just not separate 
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from the master.  For this contact, it would not allow the barrier to separate or penetrate the deck.  
It would treat the grout pad as a being able to provide enough tension force to hold the barrier to 
the deck.   
4.3.4 Contact Selection 
Based upon the literature review, the it was expected that NODES_TO_SURFACE 
would correlate to experimental data better than TIED_NODES_TO_SURFACE.  However, it 
was not clear how much difference there be would be between NODES_TO_SURFACE and 
AUTOMATIC_NODES_TO_SURFACE.     
A quick comparison was conducted on a model with consistent mesh size of 2 in.  The 
results are shown in Figure 32 and Figure 33. 
 
Figure 32: Effect of Contact Type on Displacement (at top of barrier) 
Displacement differences between AUTOMATIC_NODES_TO_SURFACE and 
NODES_TO_SURFACE was minimal, but both were slightly greater than the experimental 
results (which is addressed later by smaller mesh size).  The TIED_NODES_TO_SURFACE 
resulted in even a greater displacement.  The fact that the tied contact resulted in greater 
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displacement was surprising.  Upon further inspection, the tied contact forced the deck to absorb 
more of the load, and thus the deflection in the deck was much, much greater. 
 
Figure 33: Effect of Contact Type on Strain (at interface) 
Figure 33 shows the strain value in the center Inclined Bar at deck/barrier interface, 
directly below the applied load.  This was one of the locations that a strain gauge was used to 
gather data during the experimental test.  The NODES_TO_SURFACE is linear with increasing 
force, while AUTOMATIC_NODES_TO_SURFACE yielded higher values.  The 
TIED_NODES_TO_SURFACE again resulted in very inconsistent strain values.   
Based upon these results, NODES_TO_SURFACE was used to define the contact 
between the barrier and the deck.  The deck was designated as the slave while the barrier was the 
master. 
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4.4 Boundary/Initial Conditions 
4.4.1 Support 
The experimental setup consisted of the bridge deck supported by three concrete supports 
running the length of the deck.  Tie bolts connected the deck to the laboratory floor, through the 
supports.  The supports can be seen in Figure 34 and the tie bolts are shown in Figure 35. 
 
Figure 34: Support Setup 
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Figure 35: Loading and Tie-Bars 
Since it was desired to simplify and reduce the size of the model, it was assumed that the 
supports and tie bolts created a fixed support at the edge of the overhang.  Thus, the modeler 
only modeled the deck to the middle of the outside support.  This cut face was then “fixed”, 
where the overhang was then acting as cantilever.  This cut face was made to act as a fixed 
support.  This made so there was no displacement or rotation at this face. All nodes on the face 
were set to Ux=Uy=Uz=R1=R2=R3=0.  This is shown in Figure 36. 
 
 
Figure 36: Model Boundary Setup 
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4.4.2 Applied Load 
Two different methods were considered for modeling the experiment.  In the experiment, 
a force was applied, and displacement was measured.  For the analysis, replicating the 
experiment by applying a force and measuring displacement was considered.  In addition, based 
upon the literature review, applying a displacement and measuring resistance force was also 
considered.  Since the results replicating the experimental setup of a applying a load were within 
reason, the decision was made to model the experiment using an applied load.  The 
displacements would then be solved for in the analysis.   
4.4.2.1 Load Duration 
For the experiment, a hydraulic jack was used to place the barrier under a quasi-static 
load.  The experimental load was applied in 6 kip increments and peaked at 54 kips.  From 
experimental data that was received, it was concluded that it took approximately 10 minutes of 
actual loading time to apply the 54 kips.  Since this model was being modeled explicitly and not 
implicitly, time is a factor.  The idea was to reduce the loading time to replicate a quasi-static 
loading (no dynamic effects), to allow for decreased computational time.   The LS-DYNA 
explicit modeler and the material models allowed for strain rate effects to be turned off, but not 
the inertia effects.  
A time sensitivity study was conducted on a model with a 2” mesh to compare the 
loading time.  A ramped load peaking at 54 kips was applied as shown in Figure 37.  
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Figure 37: Loading vs. Time 
For the time sensitivity study, the time was varied from 0.1s to 30s.  The displacement 
and strain comparisons are shown in Figure 38 and Figure 39, respectively. 
 
Figure 38: Loading Time Effects on Displacement 
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Figure 39: Loading Time Effects on Strain 
As Figure 38 shows, the slower the load is applied, the softer the displacement response. 
This is logical since typically the faster the loading for concrete, the higher the strength.  With 
the parameters used in the time sensitivity study, a loading applied over 0.25s seems to give the 
most accurate displacement. 
However, as Figure 39 shows, the slower the load is applied, the greater the strain values.  
In this case, since the analysis is yielding lower strain values than the experimental, the slower 
loading is yielding more accurate results.   
Based upon the time sensitivity study and with consideration of computation time, it was 
decided to apply the loading over a 1 second time duration.  
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4.4.2.2 Loading Area 
The experimental load set-up is shown in Figure 40.   
 
Figure 40: Experimental Load Set-up 
As it can be seen, the load was applied via a wide steel H-beam fastened to the top of the 
barrier.  The length of the steel beam is 3.5 ft.  The exact size of the H-beam was unknown.  
Thus, it was assumed that the H-beam acted upon the top 7 1/2” of the barrier face, for the length 
of the H-beam. 
4.4.2.3 Load Modeling 
For the analysis, the load was applied by means of nodal forces.  A node set was created 
consisting of 110 different nodes distributed evenly across the loading area.  The ramped nodal 
force peaked at 490.9091 lbs per node, coming to a peak load of 54 kips collectively.   
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4.5 Materials 
Two different materials were used for the model.  One for the concrete, and one for the 
reinforcement.   For the concrete material, MAT_CSCM_CONCRETE was used.  The decision 
to use this material was based upon the literature review.  Since in the experimental test, the 
concrete strength of the barrier and the deck differed, two separate MAT_CSCM_CONCRETE 
keycards were used.  For the steel reinforcement, MAT_PIECEWISE_LINEAR_PLASTICIT 
was used.  This is a commonly used material for steel.  Table 2 and Table 3 show material 
properties for the concrete and steel, respectively. 
Table 2: Concrete Material Properties 
Material f’c (psi) 
Mass 
density 
(lbf-
s2/in) 
Erosion 
Aggregate 
Diameter (in) 
Barrier 
Concrete 
7400 2.185E-4 1.05 0.75 
Deck 
Concrete 
4000 2.185E-4 1.05 0.75 
 
Table 3: Reinforcement Material Properties 
 
 
4.6 Geometry Simplification 
The geometrical aspects of the barrier and deck were idealized during the modeling 
process.  Small holes or rebar added for pickup points were not modeled. While theoretically 
Material 
Mass 
density 
(lbf-s2/in) 
Young’s 
Modulus 
(psi) 
Poison’s 
ratio 
Yield 
Stress 
(psi) 
Tangent 
Modulus 
Barrier and Deck 
Reinforcement 
7.33E-4 3E+7 0.3 7.2E+4 6.0E+4 
Inclined Bars 7.33E-4 3E+7 0.3 6.75E+4 6.0E+4 
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these could have decreased or increased the strength, it was assumed that any difference would 
be negligible.     
The grout pad in the experimental model did not extend to the back of the barrier – it was 
recessed ¾ in.  However, for simplification, the grout pad was not modeled explicitly, but was 
assumed to be part of the barrier itself.  The result was that in the analytical model, the barrier 
base had a ¾ in wider contact area then in the experimental model.  After the original analysis, a 
comparative analysis of a recessed grout pad was conducted.  The difference in the results were 
negligible.  It also notable that the back of the barrier did not suffer any damage with either 
method.  Thus, idealizing the geometry in the analytical model was justifiable. 
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 MODEL VALIDATION 
In order to validate the FEM model and analysis, the resulting data will be compared to 
the experimentally derived data.  Three main aspects will be compared: the deflection trends, the 
deflection components, and strain values. 
5.1 Deflection Trends 
To compare the deflection trend, the top-center of the barrier is used since this is where 
the maximum deflection occurred. Figure 41 shows the deflection of the experimental and 
analysis models.   
 
Figure 41: Total Deflection 
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The initial stiffness of the experimental and analysis are quite similar.  With the analysis 
model, there is an initial “give”, before the stiffness counteracts the displacement.  In the 
experimental model, the deck cracked at 14.6 kips of applied force, thus reducing the stiffness at 
this point (Ecklund & Sritharan, 2018).  In the analysis, the original stiffness was reduced at 19 
kips of force.  The total experimental deflection at 54 kips was 0.81 in (Ecklund & Sritharan, 
2018).  The analysis yielded a deflection of 0.66 in.  The difference between the experimental 
and analysis deflection is thus 18.5% for maximum deflection.   
When comparing the experimental and analysis, the overall trends are quite similar.  The 
original stiffness as well as the stiffness after the initial cracking are very close.  The main 
difference between the models is when the original crack develops.  Part of the difference may 
be the material properties used in the analytical model.  The concrete material which was used 
(MAT_159_CSCM_Concrete), already has preset parameters for concrete.  If MAT_159_CSM 
would have been used, all the parameters could have been recalculated and entered in by the 
user, potentially reducing this difference in when the analytical model cracked.  By adjusting the 
f’c of the deck concrete from 6100 psi down to 4000 psi, the results are believed to be similar.  
This difference was believed to be from the software-calculated parameters for this material 
modeling.  Specifically, the tension in the concrete plays a large part of this analysis.  Since the 
material model calculated tensile properties from the input compressive strength, adjusting the 
concrete strength was justified. 
A comparison of the deflection across the barrier was also made. This is shown in Figure 
42. 
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Figure 42: Deflection Across Barrier 
 The displacements of the barrier endpoints and middle are shown in Figure 42.  
These are shown at 18 kips, 36 kips, and 54 kips of applied load.  As previously discussed, the 
maximum displacement is in the middle of the barrier where the load was applied.  Figure 42 
also shows that the middle of the barrier has the greatest difference between the experimental 
and analytical values.  One can also see that the model captures the effect of the continuous deck 
on the barrier displacement.  The free edge of the barrier (where the deck ends) has the greatest 
displacement.  The barrier end that has the barrier to barrier connection (even though it is not yet 
connected to another barrier), has lower deflection due to the continuous deck increasing the 
stiffness.  This briefly shows that the deck plays a large part of the deflection behavior, which is 
clearly shown in the next section. 
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5.2 Deflection Components 
In the experimental report, the barrier deflection was broken down into several different 
components. It is stated that the majority of the deflection is due to the rotation of the deck and a 
large crack that developed at the deck/barrier interface (Ecklund & Sritharan, 2018). 
The given data from the experiment is compared in Figure 43 and Table 4.   
 
Figure 43: Deflection Components Comparison 
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Table 4: Component Comparison 
Maximum Component Values 
Component Experimental Value (in) Analysis Value (in) Difference (%) 
Barrier Deflection 0.028 0.013 53.5 
Deck Rotation 0.576 0.487 15.3 
Barrier-Deck Interface 0.140 0.072 49.0 
Sum of Components 0.725 0.571 21.3 
Directly Measured 0.808 0.659 18.5 
Deck Elongation N/A 0.031 N/A 
 
As shown in Figure 43 the trends are relatively the same.  Table 4 shows the peak values 
and differences.  When comparing the results, the analytical results confirm that much of the 
displacement was due to the rotation of the deck.  The main difference is the barrier-deck 
interface.  The analytical model did not seem to capture the deflection due to the interface.   
It is important to note the component calculations method.  The experimental values were 
supplied.  The following is a brief description of how the displacement components were 
calculated for the analytical model: 
• Barrier Deflection: To calculate the deflection due to the barrier deforming, the 
bottom and the back of the barrier were assumed to remain in plane.  Vertical and 
horizontal displacement values were used to find the rotation of the bottom and 
the back surfaces.   The rotational difference between the bottom and back surface 
was multiplied by the height of the barrier.   
• Deck Rotation: To calculate the deflection due to the deck rotation, two nodes on 
the surface of the deck were used.  The nodes were located directly below the 
front and back of the barrier.  The deck was assumed to remain planar between 
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these points.  The difference in the vertical displacement of these two nodes was 
divided by the horizontal distance between the nodes, and this was then calculated 
by the height of the barrier. 
• Barrier-Deck Interface: Vertical displacement values were found for four nodes. 
Two were located at the front of the barrier (one on barrier and one on the deck), 
and two were located at the back of the barrier (again, one on barrier and one on 
the deck).  The “gap” between the barrier and deck was calculated at the front and 
the back of the barrier.  The difference in the gap between the front and back was 
multiplied by the height of the barrier. 
• Sum of Components:  This was the sum of the above elements. (Deck elongation 
was not included.) 
• Directly Measured: This was the horizontal nodal displacement of the top node in 
the middle of the barrier. 
• Deck Elongation:  This was the horizontal nodal displacement of a node located 
directly below the front of the barrier and located in the center (vertically) of the 
deck. 
It is notable that the sum of the various components did not equal the measured 
displacement.  In the analytical model, a slight elongation of the deck was noticed.  This 
elongation peaked at an increase of 0.031 in directly below the barrier where the load was 
applied.  While this would increase the sum of the displacement to components, it is still slightly 
lower than the actual measured value.  The analytical deck elongation value is not compared to 
the experimental model value because the experimental value is not known. 
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5.3 Strain Comparisons 
The strain on the inclined bars was also compared.  This is shown in Figure 44. 
 
Figure 44: Strain in Inclined Bars 
While the barrier had a total of 5 inclined bars, the experimental strain values were only 
captured for three of them.  It was decided to show the analytical value for all five just to see the 
general trend.  As Figure 44 shows, the experimental and analytical trends are slightly different.  
First, it is important to note the three different trends in the experimental strain values.  When the 
experimental force of 18 kips was applied, the strains were even across the barrier.  As this was 
increased to 36 kip, the strain is the highest in the incline bar closest to the barrier to barrier 
connection.  Then, at 54 kips, the strain is the highest in the center inclined bar – the inclined bar 
closest to the barrier to barrier connection is now lower than the center inclined bar.  The reason 
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for the difference in the trend from 36 kip to 54 kip in the experimental strain is the failure of the 
deck.  During the experiment, a shear-like crack developed in the deck close to the barrier to 
barrier connection.  This allowed the deck to rotate a greater amount close to the barrier to 
barrier connection, thus reducing the strain.  The deck in the analytical model did not fail at this 
point, thus the strains in the inclined bars increase with proximity to the barrier to barrier 
connection.  It would be safe to assume that if the deck did develop a shear failure at the barrier 
to barrier connection, the inclined bar strains would be lower.  The opposite is also true at the 
free edge of the deck.  In the analytical model, the deck was more flexible at the free edge.  Thus, 
the strain in the inclined bars are lower at this edge.  Therefore, the different trends between the 
strain values in the inclined bars can be understood by taking the flexible deck of the analytical 
model and the shear failure of the deck in the experimental model into consideration.  This is 
explained further in the next section.   
 
5.4 Failure Behavior 
It is important to examine the similarities and differences in the failure behavior of the 
analytical and experimental model.  The most important behavior to note is the shear-failure of 
the deck behind the barrier to barrier connection.  Figure 45 shows the shear crack that 
developed in the deck close to the barrier connection.   
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Figure 45:Shear Crack on Deck (Ecklund & Sritharan, 2018) 
In the analysis, no concrete elements on the deck near the barrier to barrier connection 
failed.  Unfortunately, the material model and modeling method does not allow for crack data or 
graphical representation.  However, the stress and strain patterns on the deck show similar 
concentrations on the deck near the barrier to barrier connection.  Yet, in the model, it does not 
actually travel through the whole deck.  The area of interest in the analytical model is shown in 
Figure 46. 
 
Figure 46: Analytical Strain Pattern 
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When comparing the figures, it can be a little bit confusing.  For the experimental model, 
there were two barriers on the deck, and the one on the right was loaded.  In the analytical model, 
only one barrier was currently modeled, and it was on the left of the figure.  With this under 
consideration, one can see the crack extending away from the barrier under the load (PBI) in the 
experimental model.  In Figure 46, the profile clearly shows a line of stress extending away from 
the barrier as well.  However, it did not propagate through the whole thickness of the deck as the 
crack did in the experimental model.  If it had, it is believed that the deck would then have had 
less rotational stiffness at this point, and would have affected the inclined bar strains, as 
previously mentioned.   
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 EXPECTED BARRIER BEHAVIOR BASED ON ANALYTICAL 
MODEL  
6.1 Barrier Systems 
6.1.1 Double Barrier System 
In the experimental model, two barriers were placed side by side.  Each was loaded and 
tested separately.  Then, they were connected by means of double headed ties and grout.  
However, since the barriers were previously loaded, there was pre-existing damage to the bridge 
deck.  Even though the barrier to barrier connection detail was of interest in these analyses, the 
results between the experimental and analytical model are not comparable due to the pre-existing 
damage in the experimental model.  Therefore, the analyses utilizing two more barriers are only 
verified based upon the verification of the single barrier (as shown in Chapter 4).   
Even though comparative results with the experimental model were not available, it was still 
important to look at the barrier to barrier connection detail.  This study had two goals: 
1. Compare the behavior of a single and double barrier. 
2. Investigate the barrier to barrier connection by varying the loading area along the barrier. 
6.1.1.1 Model Setup 
The previously verified analytical model was now modified to predict the behavior of a 
barrier connected to another barrier.  The barrier to barrier connection was modeled similar to the 
experimental model.  However, some aspects were idealized to simplify the modeling and 
calculation process.  Just as the grout in the deck/barrier interface was not modeled, the grout in 
the barrier to barrier connection was not modeled – it was assumed to have the same properties 
of the barrier concrete.  The ties were modeled, but the heads on them were not.  They were 
constrained in the barrier concrete using the Constrained Lagrange In Solid option that was used 
to constrain the reinforcement.  The transverse ties (not shown in Figure 47) were not modeled as 
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well.  The experimental (actual) and the modeled barrier to barrier are shown in Figure 47 and 
Figure 48.
 
Figure 47: Experimental Barrier to Barrier Detail (Ecklund & Sritharan, 2018) 
 
Figure 48: Modeled Barrier to Barrier Detail
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The single barrier that was previously used was duplicated and placed on the deck beside the 
single barrier.  The material properties, reinforcement including the inclined bars, constraints, 
and boundary conditions were all set the same as for the single barrier.  Figure 49 shows the 
double barrier system. 
 
Figure 49: Double Barrier System 
6.1.1.2 Single and Double Barrier Study 
For this study, the load was applied to the center of the right barrier, as it was when only 
a single barrier was modeled.  The barrier displacements at the center of the loads are shown in 
Figure 50. 
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Figure 50: Singe and Double Displacement Comparison 
As Figure 50 shows, by connecting the barriers to each other, the stiffness increases.  The 
initial yield point increased slightly from 19 kips to 22 kips.  The maximum deflection decreased 
from 0.66 in to 0.51 in, or by 23%. 
The strain in the inclined bars are compared in Figure 51.  Since the double barrier 
system consisted of two barriers, it had a total of ten inclined bars.  However, for this 
comparison, only the inclined bars in the barrier under direct loading are used since they are 
similar to the single barrier.   
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Figure 51: Single and Double Strain Comparison 
As Figure 51 shows, the double barrier changes the strain profiles along the length of the 
barrier, as well as decreasing the total amount of strain.  In the single barrier, the continuous deck 
at “0” increases the strain in the inclined bar at this end.  With the double barrier, the force is 
transferred to the connecting barrier, thus allowing a significant decrease in the strain.  In 
addition, the strain on the inclined bar at the center of load decreases from 1600 microstrain to 
1350 microstrain, a decrease of 16%. 
6.1.1.3 Load Application Area Study 
The same ramped load with a maximum force of 54 kip was applied at three different 
locations along the double barrier system.  First, it was placed in the center of the barrier.  
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Second, it was applied offset of the barrier to barrier connection – with the center of load at 21 
inches from the connection.  This was to allow the loading area width of 42 inches to be as close 
to the connection without placing any force on to the adjoining barrier.  Third, the load was 
centered on the connection itself.   
First, the displacement along the length of the barriers was examined.  This is shown in 
Figure 52 to Figure 54. 
 
Figure 52: Displacement Profile for Load at Barrier Center 
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Figure 53: Displacement Profile for Load Offset of Connection 
 
 
Figure 54: Displacement Profile for Load at Connection 
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Several conclusions can be drawn from the displacement profiles.  The closer to the edge 
of the system the load is applied, the greater the maximum displacement, which could be 
expected.  The whole system undergoes some displacement, even if located away from the load.   
 When the load is applied solely on a single barrier in the double barrier system, there is a 
difference in the displacement across the barrier to barrier joint.  The data shows that this 
difference is the greatest when the load is applied at the center of the barrier, instead of offset 
from the connection.  A possible explanation for this is applying the load offset of the connection 
increased the confining pressure for the barrier to barrier connection.  However, this requires 
further research and investigation.  
 The strains in the inclined bars across the system was also examined.  This is shown in 
Figure 55 to Figure 57.  
 
Figure 55: Inclined Bar Strain Profile for Load at Barrier Center 
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Figure 56: Inclined Bar Strain Profile for Load Offset of Connection 
 
 
Figure 57: Inclined Bar Strain Profile for Load at Connection 
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 The inclined bar strain profiles show that the closer the load is applied to the barrier to 
barrier connection, the lower the maximum strain in any of the inclined bars. This corresponds to 
what the displacement profiles showed where the maximum displacement decreases the closer 
the load is applied to the connection.  Further research and investigation should be conducted to 
show whether this is due to being closer to the barrier to barrier connection, or just further away 
from the free edge of the system. 
 The axial strains in the barrier to barrier connections were also examined.  They are 
shown in Figure 58 to Figure 60. 
 
Figure 58: B2B Connection Strains for Load at Barrier Center 
-3
-2.5
-2
-1.5
-1
-0.5
0
-800 -600 -400 -200 0 200 400 600
V
er
ti
ca
l D
is
ta
n
ce
 f
ro
m
 L
o
ad
 C
en
te
r 
(f
t)
Microstrain
6 Kip
12 Kip
18 Kip
24 Kip
30 Kip
36 Kip
42 Kip
48 Kip
54 Kip
75 
 
 
Figure 59: B2B Connection Strains for Load Offset of Connection 
 
Figure 60: B2B Connection Strains for Load at Connection 
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The figures above show that the ties located at the top of the barrier are in compression 
for when the load is not located at the connection.  As the load moves toward the connection, the 
strain goes from a compressive strain to a tensile strain.  However, this tensile strain at the top of 
the barrier is very minimal.  The maximum tensile strain is still less than 600 microstrain for the 
ties.   
Although the strains seem to indicate that a smaller tie size could be utilized, the shear 
stress acting on the barrier to barrier connection ties need to be checked.  The shear stress 
profiles are shown in Figure 61 to Figure 63. 
 
Figure 61: B2B Connection Shear Stress for Load at Barrier Center 
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Figure 62: B2B Shear Stress for Load Offset of Connection 
 
Figure 63: B2B Shear Stress for Load at Connection 
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 The barrier to barrier connection ties that undergo the highest shear stress are located at 
the top of the barrier, nearest the vertical load center.  The shear stress does not depend greatly 
on where the load is applied to a barrier, if it is completely applied on the barrier.  If the load is 
centered on the barrier to barrier connection, the shear stress in the ties is negligible, as the 
values in Figure 63 show.   
6.1.2 Continuous Barrier System 
Based on the results in the previous section, the whole double barrier system engages to 
counteract the loading and undergoes some displacement as a result.  It was of further interest to 
see how much of a continuous barrier system is affected by a similar load.  Hence, the model was 
modified to simulate a longer system. 
The loading was going to be in the center of a barrier, so the principle of symmetry could 
be used.  A 30 ft deck was modeled, with the elements increasing from 1 in to 3 in as the 
distance from the deck increased.  1 ½ barriers were modeled, with 1 in element size of the ½ 
barrier where the load was applied, and 2 in for the connecting barrier.  The barriers were 
connected utilizing the barrier to barrier connection detail as detailed in the Double Barrier 
System Section.  This equated to a deck of 60 ft long, and a barrier system 36 ft long.  The setup 
is shown in Figure 64. 
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Figure 64: Continuous Barrier System 
Since symmetry was going to be used, translation and rotational constraints were added at 
the symmetry plane.  The deck and barrier were not allowed to translate in y direction as well as 
not allowed to rotate about the x axis.  This is in addition to the constraints that were previously 
used.  The constraints and loading are shown in Figure 65. 
 
Figure 65: Continuous Barrier Constraints and Load 
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The study showed that the effect of the load could still be seen across the whole system.  
The results of the analysis are shown in Figure 66 and Figure 67. 
 
Figure 66: Horizontal Displacement for Continuous System 
 
 
Figure 67: Horizontal Displacement Profile for Continuous Barrier System 
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Several things are notable.  The displacement values have decreased significantly.  For a 
single barrier with 24 ft of deck modeled, the maximum displacement was 0.66 in.  For the 
continuous system, it was only 0.22 in, only 33% of the single barrier.  The fact that the whole 
modeled continuous system acts to absorb the load is also notable.  While the maximum 
deflection at the end of the modeled system is minimal (0.054 in), it does show the load acting 
along the whole length of the modeled system. 
6.2 Deck Variations 
Since the previous experimental and analytical models show that the deck plays a large 
role in resisting loads applied to the barriers in these systems, it was decided to further 
investigate this role.  For this, the continuous barrier system model that was previously modeled 
was used.  However, several variations were made for comparative purposes.  Three main 
aspects were considered: concrete strength, the transverse reinforcement in the top mat, and the 
thickness of the deck.  Outside of these variables, all other parameters were kept the same as in 
the continuous barrier system.   
Three different criteria will be used to compare the variables: deck rotation, vertical 
displacement, and deck reinforcement strain.  These will be compared across a portion of the 
deck. 
• Deck rotation:  the rotation of the deck directly below the barrier will be 
considered.  This will be done by calculating the difference in the nodal 
displacements of a deck node close to the front of the barrier and a deck node 
close to the back of the barrier, and then divide by the distance between these two 
nodes. 
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• Vertical displacement: this is simply the vertical displacement of a node on the 
deck near the front of the barrier.  A negative value means the displacement is in 
the down direction. 
• Deck strain: This is the axial strain in a transverse (running parallel to the applied 
load) rebar in the top mat of the deck.  The strain value is gathered from an 
element directly in front of the barrier.   
6.2.1 Concrete Strength 
Analysis was conducted utilizing three different concrete strengths for the deck.  The 
original strength of 4 ksi concrete strength was compared to 5 ksi and 7 ksi.  The results are 
shown in Figure 68 to Figure 70. 
 
Figure 68: Deck Rotations of Varied Concrete Strengths 
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Figure 69: Vertical Displacements of Varied Concrete Strengths 
 
 
Figure 70: Deck Strains of Varied Concrete Strengths 
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concrete decreases at about the same rate across the deck as the lower strength concrete.  It is 
also revealing to look at the maximum values.  These are shown in Table 5.  
Table 5: Maximum Values for Varied Concrete Strengths 
Concrete 
Strength 
(f’c) 
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) 
4 ksi Baseline 0.0035 -0.0027 447 
5 ksi 
Maximum Value 0.0027 -0.0019 370 
% Difference 22.9 29.6 17.2 
7 ksi 
Maximum Value 0.0022 -0.0016 333 
% Difference 37.1 40.7 25.5 
 
The maximum values and the difference from the 4 ksi concrete strengths are shown.  By 
increasing the concrete strength from 4 ksi to 7 ksi, the deck rotation is decreased by 37.1%. 
6.2.2 Transverse Reinforcement Spacing 
Another variable that was analyzed was the transverse reinforcement spacing for the top 
mat.  The transverse reinforcement is the reinforcement running parallel to the load and 
perpendicular to the barrier.  The original model had a spacing of 5.5in C-C, this was reduced to 
2.75in, as well as increased to 11in.  The rest of the reinforcement in the deck and barrier was 
left the same.  The results are shown below. 
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Figure 71: Deck Rotations of Varied Rebar Spacing 
 
 
Figure 72: Vertical Displacements of Varied Rebar Spacing 
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Figure 73: Deck Strains of Varied Rebar Spacing 
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Table 6: Maximum Values for Varied Reinforcement Spacing 
Rebar 
Spacing 
(in) 
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5.5 Baseline 0.0035 -0.027 302 
11 
Maximum Value 0.0054 -0.0038 589 
% Difference -54.3 -40.7 -95 
2.75 
Maximum Value 0.0028 -0.024 196 
% Difference 20 11.1 35.1 
NOTE: A negative value means an increase in the criteria. 
Since the original model had a spacing of 5.5in, this was used as the baseline for 
comparison purposes. The biggest change in rebar spacing happens in the strain of the rebar 
itself.  This is different than when the concrete strengths were varied.  However, this is logical 
since we are directly increasing or decreasing the reinforcement in this study. 
6.2.3 Deck Thickness 
The original deck was 9 in thick.  For comparative purposes, an analysis was completed 
on the system with a 10 in thick deck. Again, three different aspects are used – deck rotation, 
vertical displacement, and rebar strain.  The results are shown in Figures 74-76. 
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Figure 74: Deck Rotations of Varied Deck Thicknesses 
 
 
Figure 75: Vertical Displacements of Varied Deck Thicknesses 
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Figure 76: Deck Strains of Varied Deck Thicknesses 
As can be seen, by increasing the deck thickness by only one inch, the comparison 
criteria decrease a significant amount.  Table 7 summarizes these differences at maximum 
values. 
Table 7: Maximum Values for Varied Deck Thicknesses 
Deck 
Spacing (in) 
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9 Baseline 0.0039 -0.0270 447 
10 
Maximum Value 0.0015 -0.0012 88 
% Difference 61.5 95.6 80.3 
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 As Table 7 reveals, the thickness of the deck has a huge impact on the comparison 
criteria.  By increasing the deck thickness form 9 in to 10 in which is an 11% increase, the 
deflection decreases by 96%. This is due to the fact that deflection is a function of the area 
moment of inertia (“I”), which is a moment of the thickness cubed.  A designer should take this 
aspect into consideration when trying to optimize a bridge deck design.   
6.3 Dynamic Loading 
A comparison of the effect of a dynamic load to a quasi-static load wanted to be made.  
For this study, the single barrier model was utilized.  The goal was to compare the experimental 
results with the analytical static and dynamic results.  
For the dynamic model, the rate effects on the concrete material keycard were turned on.  
These were previously turned off since the load was meant to simulate a static load.  Next, an 
impactor was modeled.  This was modeled as a rigid body and was the same dimensions as the 
previous load applications (8in H x 42in W). The rigid body impactor was assigned a density for 
it to have a weight of 500 lbf.  It was then given an initial velocity, acting perpendicular to the 
barrier – the same as the static load.  Three different analysis were conducted, each with a 
different initial velocity.  By using initial velocities of 20, 25, and 35 mph, the impact energy 
could be calculated using 𝐸 =
1
2
𝑚𝑣2.  This data is summarized 8. 
Table 8: Impact Energy of Dynamic Loads 
Initial Velocity 
(mi/hr) 
Impactor 
Weight (lbf) 
Impact 
Energy 
(kJ) 
20 
500 
8.99 
25 14.16 
35 27.76 
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It is important to note that the energy in Table 8 is the kinetic energy in the moving 
impactor.  The impactor was stopped, and even had minor rebound.  Thus, the energy transfer is 
idealized because it just assumes the energy in the moving projectile, not necessarily the actual 
amount of energy transferred to the barrier.  However, this idealization is enough for the 
comparative purposes of this study.   
The initial velocity was chosen because they yielded comparative displacement results to 
the applied 54 kip load in the experimental and analytical model.  The maximum displacements 
under the various loads are shown in Figure 77. 
 
Figure 77:  Experimental, Static and Dynamic Displacements 
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Since the dynamic load was adjusted to yield comparable displacement results as a static 
load, the maximum displacement value at the load center cannot be used to draw any 
conclusions.  However, the trends and the displacements at the end are very important to note.  
Figure 77 shows that the dynamic load does not displace the edge of the barriers as much the 
static load does.  It appears, then, that a dynamic load does not engage the length of the barrier as 
much as a static load.  This could be due to the fact that in a dynamic impact load there is not 
enough time for displacement to propagate away from the load as it does in the static load.  In 
order to have a more complete understanding, strain values also need to be examined.   
 
Figure 78: Experimental, Static, and Dynamic Strain Values 
Figure 78 shows the strain values of the experimental and analytical static and dynamic 
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strain values in the dynamic models are 3-4 times higher in the dynamic models than in the static 
results.   
There is a possibility that the contact surface modeling between the barrier and the deck 
play a role in these high strain values.  However, the contact surface was modeled the same in 
the static and dynamic models.  An experimental dynamic load may be necessary to verify. 
Since the inclined bar connection was experimentally tested under static loading, and the 
dynamic load produces much higher stain results in the inclined bar, pullout may become an 
issue in dynamic loads as well.  Not only should the high strains be taken into consideration, but 
pullout as well. 
6.4 Research Outcomes 
• A suitable FEM model was constructed and simulated the previously researched 
experimental model of a precast barrier system, utilizing an inclined bar connection 
detail. 
• The FEM software selection and modeling process was outlined in order to assist 
others who are just beginning in FEM modeling. 
• The FEM model was validated by comparing the deflection trends, deflection 
components, strain values, and failure behavior with experimentally derived results. 
• A double barrier system, continuous barrier system, and three types of deck variations 
were examined based on the validated model.   
• Analyses were conducted with a dynamic load with comparable maximum 
displacement values.  The dynamic load did not act along the length of the barrier as a 
static load did.  The strains in the inclined bars were much higher in the dynamic load 
than in a static load. 
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 CONCLUSION AND RECOMMENDATIONS 
7.1 Summary 
A new connection detail for a precast concrete bridge barrier was previously 
experimentally tested. In this study, an FEM model of the system was constructed.   LS-PrePost 
was used to create the model, and LS-Dyna was used as the solver for the model.  The software 
selection and modeling process are outlined in this thesis.  Modeling steps are provided to assist 
the beginning FEM modeler.   
The analytical model was validated by comparing the results with the experimental 
results.  Deflection trends, displacements, strain values, and failure behavior were all compared 
in the validation stage.  The deflection trends were quite similar.  While the strain values and 
failure behaviors slightly varied, an explanation was given for these differences. 
The validated model was able to be modified to show expected behavior based on several 
variables.  A double barrier system was modeled.  As expected, a double barrier system had 
lower deflections than a single barrier.  The load was also applied at three separate locations on 
the double barrier system.  A continuous barrier system had even lower displacements than the 
double barrier system.  The deflections, while lower, did occur over significant part of the barrier 
systems.   
Several design parameters were changed in the deck itself.  Three different concrete 
strengths were utilized.  Results show that the stronger the concrete, the lower the displacement.  
However, results also show that the stronger concrete still acts along the same length as the 
weaker concrete does.  The spacing for the deck reinforcement was also varied.  Strain values 
were the most affected by varying the rebar spacing.   
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A dynamic load was also utilized.  This revealed that displacements do not extend as far 
from the center of load as with a static load.  Also, strain rates in the incline bars are much higher 
with a dynamic load.  Strain rates, as well as pull-out concerns need to be addressed when 
designing a precast concrete barrier utilizing the incline bar connection detail. 
7.2 Conclusions 
• The proposed barrier connection detail is a valid connection design for use in a precast 
bridge barrier system. 
• In the experimental model, a 54 kip load applied to a single barrier with the inclined bar 
connection detail yielded a maximum barrier displacement of 0.81 in.  The analytical 
model showed a displacement of 0.66 in under the same loading conditions. 
• The analytical model confirms the experimental model finding that the majority of the 
displacement comes from the rotation of the bridge deck. 
• In the analytical model, the displacement was reduced from 0.66 in to 0.51 in when the 
barrier was connected to a second barrier on the same deck. 
• Varying the load location on the system with two barriers reveals that the closer the load 
is applied to the end of the deck, the greater the barrier displacement.  However, this was 
not a major influence in the maximum strain in the inclined bars themselves. 
• When a “continuous” system (3 barriers and a 60 ft deck) was modeled, the displacement 
was reduced to 0.22 in.   
• Concrete strength, transverse reinforcement spacing, and deck thicknesses all affect the 
deck rotation, vertical displacement, and deck reinforcement strain values.  However, the 
load seems to transfer laterally in the deck at the same rate regardless of these variables. 
• Changing the deck thickness from 9 in to 10 in reduced the vertical displacement by 96%. 
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• A significant portion of the barrier/deck is engaged to resist a quasi-static load.  When a 
dynamic load is applied, a much smaller segment of the barrier/deck is engaged.  This 
also results in much higher inclined bar strain values for a dynamic load. 
7.3 Future Research 
Multiple studies can be conducted, building on this research.  A very important aspect is 
the comparison between the static and dynamic loads.  The strain values could be verified 
through experimental results.  It is also important to establish how much of the barrier engages to 
counter act a dynamic load verses a static load in order to accurately detail the inclined bar 
connections. 
The analytical model could be used to conduct different types of analyses, both static and 
dynamic. Crash tests could even be simulated.  Impact velocities, angles, and heights could all be 
varied in order to better design the inclined bar connection details.   
The barrier to barrier connection could be further researched.  In the double barrier 
analysis, there seemed to be some discrepancy in the displacement across this connection.  A 
study could yield why this occurred and suggest steps to prevent this. 
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APPENDIX : LS-DYNA KEYCARD 
 
A select portion of the LS-DYNA “.k” file is located below. 
 
Material keycards used in the model. 
 
*MAT_PIECEWISE_LINEAR_PLASTICITY_TITLE 
Steel Rebar 
$#     mid        ro         e        pr      sigy      etan      fail      tdel 
         17.33000E-43.000000E7       0.3   71000.0   23200001.00000E21       0.0 
$#       c         p      lcss      lcsr        vp   
       0.0       0.0         0         0       0.0 
$#    eps1      eps2      eps3      eps4      eps5      eps6      eps7      eps8 
       0.0       0.0       0.0       0.0       0.0       0.0       0.0       0.0 
$#     es1       es2       es3       es4       es5       es6       es7       es8 
       0.0       0.0       0.0       0.0       0.0       0.0       0.0       0.0 
 
*MAT_PIECEWISE_LINEAR_PLASTICITY_TITLE 
Inclined Bar Steel 
$#     mid        ro         e        pr      sigy      etan      fail      tdel 
         47.33000E-43.000000E7       0.3   67500.0   23200001.00000E21       0.0 
$#       c         p      lcss      lcsr        vp   
       0.0       0.0         0         0       0.0 
$#    eps1      eps2      eps3      eps4      eps5      eps6      eps7      eps8 
       0.0       0.0       0.0       0.0       0.0       0.0       0.0       0.0 
$#     es1       es2       es3       es4       es5       es6       es7       es8 
       0.0       0.0       0.0       0.0       0.0       0.0       0.0       0.0 
 
*MAT_CSCM_CONCRETE_TITLE 
Concrete_Barrier 
$#     mid        ro     nplot     incre     irate     erode     recov   itretrc 
         22.18500E-4         1       0.0         0      1.05     10.99         0 
$#    pred     
       0.0 
$#     fpc      dagg     units      
    7400.0      0.75         3 
 
*MAT_CSCM_CONCRETE_TITLE 
Concrete_Deck 
$#     mid        ro     nplot     incre     irate     erode     recov   itretrc 
         32.18500E-4         1       0.0         0      1.05     10.99         0 
$#    pred     
       0.0 
$#     fpc      dagg     units      
    4000.0      0.75         3 
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Beam section keycards used in the model. 
 
*SECTION_BEAM_TITLE 
#5 Rebar 
$#   secid    elform      shrf   qr/irid       cst     scoor       nsm    
         3         1       1.0         2         1       0.0       0.0 
$#     ts1       ts2       tt1       tt2     nsloc     ntloc      
     0.625     0.625       0.0       0.0       0.0       0.0 
 
*SECTION_BEAM_TITLE 
#6 Rebar 
$#   secid    elform      shrf   qr/irid       cst     scoor       nsm    
         4         1       1.0         2         1       0.0       0.0 
$#     ts1       ts2       tt1       tt2     nsloc     ntloc      
      0.75      0.75       0.0       0.0       0.0       0.0 
 
*SECTION_BEAM_TITLE 
#8 
$#   secid    elform      shrf   qr/irid       cst     scoor       nsm    
         5         1       1.0         2         1       0.0       0.0 
$#     ts1       ts2       tt1       tt2     nsloc     ntloc      
       1.0       1.0       0.0       0.0       0.0       0.0 
 
